C erebral arteriovenous malformation (AVM) is one of the most frequent causes of cerebral hemorrhage in younger populations. 29 Compared with AVMs in adults, AVMs in children and adolescents tend to more frequently show a hemorrhagic onset, 2,9,41 which often necessitates therapeutic intervention. The goal of treatment for AVM is to eliminate the risk of further hemorrhage that could be fatal or impose long-lasting, severe neurological deficits. Because early elimination of the menace of life-threatening hemorrhage is one of the first priorities in resection, the procedure is often regarded as the first-choice treatment modality. 12, 13, 32 On the other hand, radiosurgery offers an alternative for cases with a small residual nidus on angiography or with surgically intractable lesions. 3, 31, 39, 44, 47 Studies based on relatively long-term follow-up and observation after stereotactic radiosurgery (SRS) for patients in this age group have revealed the possibility of adverse events such as posttreatment hemorrhages, radiation necrosis, expanding hematomas, and radiation-induced malignant neoplasms. 47, 48 However, because of the rarity of pediatric patients with AVMs and the relatively short period after introduction of this treatment method, substantial long-term follow-up data are still lacking. We have previously reported early results of SRS for young patients with AVMs treated at our institute 37 and concluded that radiosurgery offers a good treatment alternative to microsurgical resection. However, the follow-up period in that report was quite limited, considering the life expectancy of those patients. Therefore, in this series, we analyzed the data obtained through longer follow-up of a abbreviatioNs AVM = arteriovenous malformation; DTT = diffusion tensor tractography; SRS = stereotactic radiosurgery. submitted August 1, 2014. accePted January 12, 2015. iNclude wheN citiNg Published online May 8, 2015; DOI: 10.3171/2015.1.PEDS14407. disclosure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. obJect Although stereotactic radiosurgery (SRS) has been accepted as a therapeutic option for arteriovenous malformations (AVMs) in children and adolescents, substantial data are still lacking regarding the outcomes of SRS for AVMs in this age group, especially long-term complications. This study aimed to clarify the long-term outcomes of SRS for the treatment of AVM in pediatric patients aged ≤ 18 years. methods Outcomes of 116 patients who were aged 4-18 years when they underwent SRS between 1990 and 2009 at the study institute were analyzed retrospectively. results The median follow-up period after SRS was 100 months, with 6 patients followed up for more than 20 years. Actuarial obliteration rates at 3 and 5 years after SRS were 68% and 88%, respectively. Five hemorrhages occurred in 851 patient-years of follow-up. The annual bleeding rate after SRS before obliteration was calculated as 1.3%, which decreased to 0.2% after obliteration. Shorter maximum nidus diameter (p = 0.02) and higher margin dose (p = 0.03) were associated with a higher obliteration rate. Ten patients experienced adverse events after SRS. Of them, 4 patients presented with delayed complications years after SRS (range 9-20 years after SRS). coNclusioNs SRS can reduce the risk of hemorrhage in pediatric and adolescent AVMs, with an acceptable risk of complications in the long term. However, adverse events such as expanding hematoma and radiation necrosis that can occur after substantial follow-up should be taken into account at the time that treatment decisions are made and informed consent is obtained. larger number of patients and evaluated the validity of this therapeutic modality for patients of this age group.
C erebral arteriovenous malformation (AVM) is one of the most frequent causes of cerebral hemorrhage in younger populations. 29 Compared with AVMs in adults, AVMs in children and adolescents tend to more frequently show a hemorrhagic onset, 2,9,41 which often necessitates therapeutic intervention. The goal of treatment for AVM is to eliminate the risk of further hemorrhage that could be fatal or impose long-lasting, severe neurological deficits. Because early elimination of the menace of life-threatening hemorrhage is one of the first priorities in resection, the procedure is often regarded as the first-choice treatment modality. 12, 13, 32 On the other hand, radiosurgery offers an alternative for cases with a small residual nidus on angiography or with surgically intractable lesions. 3, 31, 39, 44, 47 Studies based on relatively long-term follow-up and observation after stereotactic radiosurgery (SRS) for patients in this age group have revealed the possibility of adverse events such as posttreatment hemorrhages, radiation necrosis, expanding hematomas, and radiation-induced malignant neoplasms. 47, 48 However, because of the rarity of pediatric patients with AVMs and the relatively short period after introduction of this treatment method, substantial long-term follow-up data are still lacking. We have previously reported early results of SRS for young patients with AVMs treated at our institute 37 and concluded that radiosurgery offers a good treatment alternative to microsurgical resection. However, the follow-up period in that report was quite limited, considering the life expectancy of those patients. Therefore, in this series, we analyzed the data obtained through longer follow-up of a larger number of patients and evaluated the validity of this therapeutic modality for patients of this age group.
methods

Patients and clinical materials
A retrospective database search was carried out. Between January 1991 and October 2009, a total of 116 patients (52 boys, 64 girls) ≤ 18 years old with an intracranial AVM were treated by single-stage SRS using Leksell Gamma Knife at our institute. Two patients who underwent volume-staged SRS for excessive large AVM were excluded from this analysis. The review board of our institute approved the study protocol. In all patients, the diagnosis of AVM was confirmed with cerebral angiography in combination with CT or MRI. Forty-seven patients (41%) had initially been treated with other modalities (resection in 20, extraventricular drainage in 10, endovascular treatment in 13, and resection with endovascular treatment in 4) and were referred to our hospital to receive SRS for residual nidi. Of 34 patients who received any kind of surgery including extraventricular drainage, 32 patients received these treatments as an urgent operation for hemorrhagic presentation. Two patients who initially presented with nonhemorrhagic symptoms underwent resection as a first treatment. Twenty-one patients underwent endovascular treatment in combination with SRS. Among them, 16 patients presented with hemorrhage, of whom 4 patients received surgery as well. The other 5 patients presented with nonhemorrhagic symptoms. Embolization for the AVM was used for AVM-related aneurysms and high-flow shunt prior to SRS or resection. Since it has been shown that preceding endovascular treatment lowered the obliteration rate, 7, 34 we principally avoid endovascular treatment prior to SRS except for the cases accompanied by AVM-related aneurysms. All 3 patients who received endovascular treatment in the 2000s were treated at affiliate hospitals for initial hemorrhages. The endovascular treatments were occasionally divided into multiple stages: 10 patients were treated in a 1-stage procedure, 5 patients in a 2-stage procedure, and 7 patients received ≥ 3 sessions. The median time between last embolization and SRS was 3 months (range 1-36 months). The embolization materials used were N-butyl cyanoacrylate, silk suture, polyvinyl alcohol particles, and ethylene vinyl copolymer, which were available at each period.
Regarding decisions about treatment strategy, especially for hemorrhagic onset cases, we fully explained to patients and their parents that microsurgery was the most rational treatment for lower Spetzler-Martin grade (Grade I or II) lesions, as we previously reported. 13 However, some patients and their families declined the resection option and were referred to our department for SRS. The treatment strategy was fully discussed at a joint conference with neurosurgeons, endovascular surgeons, and radiation oncologists. The radiosurgery-based grading score (AVM score) proposed by Pollock and Flickinger was used to evaluate patient outcomes. 45 This score was calculated according to the following equation: AVM score = 0.1 × (AVM volume in cm 3 ) + 0.02 × (patient age in years) + 0.5 × (location: hemispheric/corpus callosum/cerebellar = 0; basal ganglia/thalamus/brainstem = 1).
Characteristics and clinical features of patients are summarized in Table 1 . Median age at the time of SRS was 14 years (range 4-18 years). Median duration of follow-up was 100 months (range 5-276 months) after SRS. One hundred nine patients (94%) were followed up for more than 2 years. The numbers of patients who were followed up for longer than 10, 15, and 20 years were 33 (28%), 12 (10%), and 6 (5%), respectively.
Among 28 patients whose lesions were diagnosed without hemorrhage, the initial symptoms leading to diagnosis were seizure in 14, headache in 8, and incidental findings in 6. Hemorrhage onset was seen in 88 patients (76%). These 88 patients experienced 99 hemorrhages before SRS. Between the time of diagnosis and SRS, excluding the first hemorrhage in the 88 patients who initially presented with hemorrhage, 11 hemorrhagic events were observed during 147 patient-years. Using the person-years method, the annual hemorrhage rate after initial presentation until SRS was 7.5%. The annual hemorrhage rate based on all hemorrhagic events during the entire life-period was 6.3% in our series. At the time of SRS, 36 patients (31%) showed neurological deficits caused by past hemorrhage, comprising the following: motor weakness in 20; aphasia in 9; sensory disturbance in 6; disturbance of consciousness in 3; cranial nerve symptoms in 3; visual field disturbance in 2; and cerebellar ataxia in 1.
The location of the AVM was the cerebral hemispheres in 73 (frontal lobe in 34, temporal lobe in 11, parietal lobe in 14, and occipital lobe in 14) , corpus callosum in 14, thalamus in 12, cerebellum in 7, basal ganglia in 6, and brainstem in 4. Median nidus volume was 1. 8 
radiosurgical treatment
After the Leksell stereotactic frame was fixed on the patients' head, stereotactic imaging was performed to obtain precise information on the shape, volume, and 3D coordinates of the nidi. Treatment planning was based on angiography until February 1992. Thereafter, combination CT with contrast enhancement or MRI of Gd-enhanced time-of-flight sequences together with angiography became available. Treatment planning was jointly performed by a neurosurgeon and radiation oncologist using commercially available software. The first-generation treatment-planning software (KULA; Elekta AB), with which prescribed dose planning was manually superimposed on 2D radiographic images, was used until September 1998. Advanced planning software (Gamma Plan; Elekta AB), which enabled the display of multiple radiographic images superimposed with 3D dose distribution, was installed thereafter. The Leksell Gamma Knife, model B, was used before September 2006. The model, with robotized automatic positioning system (Gamma Knife 4C), has been in use since October 2006. In principle, the ideal dose applied to the margin of each AVM nidus was 20-25 Gy, with the use of 50% isodose lines. In our early experience, margin doses of 20-25 Gy were often used for small le-sions; however, in accordance with a dose-response analysis that indicated 20 Gy was sufficient for AVM treatment, 6 we prescribed 20 Gy or less thereafter. With lesions of larger volume, we tried to reduce the margin dose to no less than 16 Gy, the suggested dose that can obliterate 70% of AVM in a dose-response analysis, 6 while keeping the volume receiving 12 Gy smaller than roughly 20-25 cm 3 , which is considered a safe limit. 5 Thus, from our experience, we regarded the upper limit of volume that could be treated in single-stage SRS as approximately 20 cm 3 .
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Excessively larger lesions were not as suitable for singlestage SRS. In this series, we excluded the 2 patients who received volume-staged SRS during the study period. For lesions adjacent to critical organs, such as the optic nerve or brainstem, the margin dose was occasionally reduced. In practice, the maximum dose received by the optic nerve was restricted to less than 8 Gy. We also treated lesions in the brainstem with at least 18 Gy to avoid posttreatment hemorrhage, as we previously reported, 21 while the radiation tolerance limit of brainstem remained unclear. 35 To avoid neurological deterioration, we began to integrate diffusion tensor tractography (DTT) into treatment planning, as previously reported. 17 Eleven patients have undergone this new modality since 2004: the pyramidal tract in 9 and the optic radiation in 2 ( Fig. 1) . Based on previous analyses, the tolerance dose of each fiber was set at 20 Gy for the pyramidal tract and 8 Gy for the optic radiation, 26, 27 and the treatment plan was modified so that the maximum doses received by these tracts did not exceed these dose levels. For exceptive cases, in the early experience at our institute, to avoid the risk of radiation injury, 1 patient with brainstem AVM underwent SRS with a margin dose of 12.5 Gy and another patient with a relatively large nidus in the frontal lobe was treated with a margin dose of 15 Gy. Most patients received a margin dose of ≥ 20 Gy. Median maximum dose was 40 Gy (range 25-60 Gy), and median margin dose was 20 Gy (range 12.5-25 Gy).
Follow-up evaluation and statistical analysis
After SRS, follow-up clinical examinations were performed at our hospital or by referring physicians. Patients underwent MRI or CT every 6 months. When nidus obliteration was strongly suggested from the results of these imaging modalities, angiography was performed. To screen for events such as the recurrence of lesions, de novo AVM, cyst formation, and expanding hematoma, annual MRI check-ups were performed even after nidus obliteration was achieved. The actuarial obliteration rate of the nidus was calculated using the Kaplan-Meier test. Factors potentially associated with higher obliteration were evaluated by Cox proportional hazard modeling for univariate and multivariate analyses. Factors related with adverse events were analyzed with logistic regression modeling for univariate and multivariate analyses. Comparisons of patients' characteristics between the 2 groups who underwent SRS with or without other preceding modalities were evaluated by 2-sample t-test. All statistical analyses were performed using JMP 10 software (SAS Institute).
results obliteration rate
In this series, nidus obliteration confirmed by angiography (n = 82) or MRI (n = 6) was achieved in 88 patients after initial SRS. Median duration between obliteration and initial treatment was 24 months (range 8-65 months). At the time of this analysis, further angiographic evaluations were scheduled for 3 of the 6 MRI-confirmed patients; the other 3 patients declined further angiographic investigation. Actuarial obliteration rates at 2, 3, and 5 years after initial SRS were 58%, 68%, and 88%, respectively. Among them, 71 patients (81%) achieved nidus obliteration within 3 years after initial SRS. In other 17 patients, nidus obliteration was confirmed between 3 and 5 years after initial SRS. One patient who had initially showed hemorrhagic presentation underwent resection of the residual nidus 40 months after SRS because a residual nidus was obviously detected on follow-up angiography at 3 years. Eleven patients underwent a second SRS for residual nidus after sufficient follow-up. Nine of these 11 patients achieved nidus obliteration, confirmed on angiography. The remaining 2 patients were kept under observation and in these patients reduction of the nidi was demonstrated on MRI. Four patients had residual nidi after ample follow-up (> 5 years), but they declined further intervention and were observed conservatively. In total, 97 patients (84%) achieved nidus obliteration after single or repeated SRS in our series. In the univariate analysis, factors associated with higher nidus obliteration were shorter maximum nidus diameter (p = 0.02) and higher margin dose (p = 0.03) ( Table 2 ). There was no significant factor associated with higher obliteration rate in multivariate analyses (Table 3) .
complications and hemorrhagic events
Five latency hemorrhages were found in 5 patients (4.3%) at a median of 59 months after treatment (range 30-151 months). Five hemorrhages were observed in 815 patient-years; thus, the annual hemorrhage risk in the follow-up period was calculated as 0.6%. Of these, 1 hemorrhagic event was observed even after obliteration (angiographic obliteration was confirmed at 48 months and hemorrhage presented at 75 months after SRS). The annual bleeding rate in the period between treatment and obliteration was calculated as 1.3% (4 hemorrhages in 299 patient-years) and 0.2% after obliteration (1 hemorrhage in 516 patient-years). There was no factor associated with hemorrhage after SRS in both univariate and multivariate analyses (Tables 2 and 3) .
Radiation-induced adverse events were observed within 2 years of SRS (median 9 months, range 3-16 months) in 6 (5%) of 116 patients. Two patients showed transient dysesthesia 2 months and 3 months after SRS, which gradually improved within 6 months. One patient had a worsened existing symptom (motor weakness) 3 months after SRS, which improved within 3 months. Four patients showed new development of permanent events, with visual field deficit in 2 patients, dysesthesia in 1 patient, and motor weakness in 1 patient. In the univariate analysis, there was no significant factor associated with adverse events (Table 2) . In multivariate analyses, the one factor associated with adverse events was higher margin dose (p = 0.04) ( Table 3) .
In total, none of the patients presented with radiationinduced neoplasms during the follow-up period in this series. Four patients had late-onset complications that occurred more than 2 years after SRS (Table 4) . One patient presented with cyst formation, and she remained asymptomatic and was observed conservatively (Case 1). Two patients developed chronic expanding hematomas that required resection (Cases 2 and 3). One patient (Case 4) presented with radiation-induced edema 20 years after SRS. This patient underwent resection of the abnormally enhanced region because she presented with mild motor weakness due to increasing intracranial pressure that proved refractory to medication and hyperbaric oxygen therapy. After surgery, symptoms completely resolved within 3 months (Fig. 2) . Histopathological examination of the resected specimens showed hyalinized tissue and thin-wall vessel structures with endothelial cells. Collections of hemosiderin-laden macrophages were detected around vascular structures (Fig. 3) . The disruption of the vascular structure could have induced such abnormal enhancement. No patient had AVM recurrence in this series; however, 1 patient whose occipital AVM was initially treated with SRS presented with a de novo temporal lobe AVM 13 years after initial SRS. This lesion was successfully treated with SRS, and angiographic obliteration was achieved 3 years after the second SRS.
srs treatment with or without Preceding treatment
As for multidisciplinary treatment, our series included 47 patients (41%) who had treatment prior to SRS. We divided patients into 2 groups: those who underwent SRS as a primary treatment (SRS-only group) and those who received combination treatment, surgery, and/or endovascular treatment with SRS (combination group). The characteristics of each group are summarized in Table 5 . The rate of patients who presented with hemorrhage was significantly higher in the combination group (p = 0.01), and the rate of deep-seated lesions, such as thalamic lesions, was significantly higher in the SRS-only group (p = 0.02).
The obliteration rate and adverse events were not significantly different between the 2 groups ( Table 5) .
outcomes of integration of dtt
Regarding the integration of DTT into radiosurgical planning, DTT was used for only 11 patients: 9 for the pyramidal tract and 2 for the optic radiation. No adverse events were observed in these 11 patients. Retrospectively, 8 patients who were treated before the introduction of DTT harbored lesions in the deep frontal lobe, basal ganglia, or thalamus, which were considered close to the pyramidal tract. Comparison of the outcomes of these 8 patients and the 9 patients for whom pyramidal tract DTT was used showed no significant difference in obliteration rate (p = 0.60) or adverse events (p = 0.89).
discussion
Controversy exists regarding therapeutic intervention for pediatric AVM. According to the recent literature comparing the long-term hemorrhage risk between pediatric and adult AVM patients, 8 AVMs in childhood were more likely to present initially with hemorrhage, but the risk of subsequent hemorrhage was lower than that of AVMs in adults. Also, the recent randomized study of unruptured AVMs (ARUBA [A Randomized Trial of Unruptured Brain Arteriovenous Malformations]) disclosed that medical management alone was superior to interventional therapy for unruptured AVMs in adults for the prevention of death or stroke in the short-term period. 30 Those results suggest that even for ruptured AVMs, children may be better protected than adults and, therefore, the decision of interventional treatment must be made very carefully, considering the long-term outcomes of each therapeutic option, the success rates in preventing further hemorrhagic events, and the associated risk of complications. On the other hand, children with AVMs and their parents have to live with the "small but non-negligible" menace of a possible hemorrhagic event. Thus, when the risks of complication are estimated to be lower than the risks associated with conservative observation, therapeutic intervention will be reasonably recommended.
In past reports, several authors indicated that AVMs with a hemorrhagic onset have higher risk of subsequent hemorrhage, 4, 16, 42, 46 and resection can be recommended as a first-line treatment. Microsurgical resection has a clear benefit in immediately eliminating the hemorrhage risk, but the outcomes of resection largely depend on size and location of the nidus, eloquence of the surrounding brain, and skill of each neurosurgeon. Even for AVMs classified as Spetzler-Martin Grade I or II, the risks of surgical complications vary from 0% to 20%. 11, 13, 24 While some of the neurological deficits gradually improve over time, it is very difficult to assess if we can legitimately offer those "immediate and single-phase risks" for children with plateau neurological states.
Taking this into consideration, SRS, in general, can offer a reasonable therapeutic option for the pediatric AVM with a small nidus. According to previous reports, pediatric AVM was found to show earlier obliteration than that of adult AVM. 31 The therapeutic outcomes were relatively homogeneous among the reports, and the associated neurological deficits were minimal (Table 6) . 3, 15, 31, 33, 39, 44 Regarding multidisciplinary treatment, the one reason that there was no difference between the SRS-only group and the combined treatment group in terms of treatment outcomes can be attributable to this study being a retrospective analysis looking at whether treatment options other than SRS were applied or not, depending on careful consideration of the patient situation, such as existence of hematoma, location of the lesions, accompanying aneurysms, and high-flow shunts. Further, the limitations of this study include the lack of statistical power due to a small patient population.
In our series, 6 patients (5%) had radiation-induced neurological deterioration within 2 years, 3 of whom harbored an AVM in the eloquent areas. They were treated in the early period of the study before introduction of sophisticated dose-planning software and DTT into treatment planning. 26 Since 2004, we have integrated DTT into treatment planning to reduce the doses received by each tract for the purpose of eliminating adverse events related to these white matter tracts. All patients, including adults, who were treated with SRS using the pyramidal tract DTT showed a significantly reduced motor complication rate compared with patients having lesions in similar locations who were treated before the availability of DTT integration. 18 However, this influence was not apparent in this study cohort of pediatric patients, probably because of the small number of patients who were treated with integration of DTT. Although the devices and software for SRS treatment have changed throughout the study period, and these factors are known to affect outcomes in selected patients, [18] [19] [20] treatment outcomes such as obliteration and adverse events in this cohort were not affected by these factors. Further accumulation of cases is needed to analyze the influence of these new technologies on patients in this age group.
The annual risk of hemorrhage, especially in the period after obliteration was achieved, was 0.2%, which indicates that the "long-lasting and unclarified" risks associated with SRS may be comparable to the "small and nonnegligible" risks of the natural history of pediatric AVM itself. 8 As for the patients treated with SRS, even when the residual nidus was observed 3-5 years after treatment, the risk of hemorrhagic events was significantly reduced, 28 and both additional SRS and the resection could be safely performed. 7, 14, 43 In our series, the latency hemorrhages from a residual nidus after 5 years were observed in 2 patients 60 months and 151 months after SRS. These cases suggest that it is very important to recommend the additional treatment within a proper timeframe, ideally before 5 years because it is very rare that an AVM nidus shows further response later than 5 years after SRS. 31, 38 SRS is a relatively new treatment modality, and recently we realized that angiographic obliteration of an AVM nidus is not the end point of the treatment. 25, 28, 36 Furthermore, in this series, we found that radiation-induced adverse effects could occur more than 20 years after SRS. While the pathogenesis of radiation necrosis is not fully understood, radiation therapy could cause disruption of the blood-brain barrier, which was observed in all phases, from the acute phase to the delayed phase. Hyperlucency from endothelial damage seems to be the result of a similar mechanism of cyst formation and expanding hematoma, as previously reported. 22 Corticosteroids and other kinds of medication and treatment were often used for these conditions, including vitamin E, pentoxifylline, and hyperbaric oxygen. However, the abnormal enhanced lesions were often refractory to treatment, and thus resection was considered. There have been only a few cases that presented with radiation necrosis in a proven pathological specimen over the past decades. Considering the effects of those late events while planning treatment for patients with long lives ahead of them is important, but our understanding of the longterm risks after radiosurgery, including radiation-induced neoplasm, post-SRS cyst, chronic expanding hematoma, and radiation necrosis, is still limited. Beyond the longterm adverse events related to SRS, such as cyst formation, chronic expanding hematoma, radiation necrosis, and radiation-induced neoplasms, the possibility of recurrence of the AVM or a de novo AVM 1,23 should also be noted for pediatric patients. Even though the incidence of these adverse events or formation of new lesions is relatively low, these possibilities should be kept in mind and be extensively discussed with patients and families, and patients should be followed up carefully and appropriately managed should they occur.
conclusions
This study assessed the efficacy and safety of SRS for AVMs in children ≤ 18 years old, showing an obliteration rate of 88% at 5 years and an incidence of adverse events of 5%. Longer-term follow-up data suggested that SRS is an effective treatment for small lesions, with relatively low risk of morbidity. Follow-up over decades is necessary because adverse events such as expanding hematoma and radiation necrosis can occur many years after treatment, as seen in our cases. 
